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We develop a correlation-corrected transport theory in order to predict ionic and polymer trans-
port properties of membrane nanopores in physical conditions where mean-field electrostatics breaks
down. The experimentally observed low KCl conductivity of open α-Hemolysin pores is quantita-
tively explained by the presence of surface polarization effects. Upon the penetration of a DNA
molecule into the pore, these polarization forces combined with the electroneutrality of DNA sets a
lower boundary for the ionic current, explaining the weak salt dependence of blocked pore conduc-
tivities at dilute ion concentrations. The addition of multivalent counterions into the solution results
in the reversal of the polymer charge and the direction of the electroosmotic flow. With trivalent
spermidine or quadrivalent spermine molecules, the charge inversion is strong enough to stop the
translocation of the polymer and to reverse its motion. This mechanism can be used efficiently in
translocation experiments in order to improve the accuracy of DNA sequencing by minimizing the
translocation velocity of the polymer.
PACS numbers: 05.20.Jj,87.15.hj,87.16.dp
I. INTRODUCTION
The analysis of biopolymer sequences is of vital im-
portance to understand the functioning of living organ-
isms. Nanopore sensing methods that aim at sequenc-
ing biopolymers have drawn increasing attention during
the last two decades. Since the seminal article from
Kasianowicz et al.1, electrophoretic polymer transloca-
tion through nanopores has been in central focus in this
field. In addition to being a potentially fast and in-
expensive method, this sequencing strategy based on
the analysis of ionic current variations is also practical
since it does not require the biochemical modification of
the translocating DNA molecule. Intensive experimental
work has been performed in order to refine the method
of DNA sequencing with biological2–6 and solid-state
nanopores7–12. These works have revealed that ionic cur-
rent variations and the accuracy of their detection de-
pend sensitively on the nanopore size and the transloca-
tion speed of DNA. Hence, it is of great importance to
throughly characterize the optimal physical characteris-
tics of the translocating polyelectrolyte and the pore in
order to improve the resolution of this method.
The complexity of the polymer translocation prob-
lem stems from the entanglement between hydrodynamic
DNA-solvent interactions, electrostatics correlations me-
diated by the confined electrolyte, and entropic costs
associated with DNA conformations. Although hydro-
dynamic and entropic issues have been intensively ad-
dressed by previous Molecular Dynamics (MD) simula-
∗email: buyukdagli@fen.bilkent.edu.tr
†email: Tapio.Ala-Nissila@aalto.fi
tions13–17, the central role played by electrostatics has
not been scrutinized. Indeed, it is well established that
the accurate sequencing of DNA necessitates a strong
ionic current signal that also lasts long enough during the
translocation event5. The difficulty to realize these two
combined conditions stems from the fact that a strong ap-
plied field resulting in a substantial signal will also cause
the DNA molecule to escape too fast from the nanopore
into the reservoir. In order to optimize the accuracy of
this sequencing method, it is thus crucial to figure out the
physical conditions that minimize the velocity of DNA
independently of the external voltage gradient. This re-
quires in turn a consistent electrohydrodynamic theory of
the charged liquid and the translocating polyelectrolyte.
Previous MD simulation works ingenuously considered
the effect of electrostatic correlations on the transport
of ions18 and DNA molecules19 thorough nanopores. In
addition to their computational complexity, the canoni-
cal nature of these simulations fixing the total ion num-
ber in the nanopore does not correspond to the ex-
perimental setup where the ionic transport takes place
via charge exchanges between the ion reservoir and the
pore medium. The simplest approach that mimics poly-
mer transport experiments consists in coupling the linear
Poisson-Boltzmann (PB) theory with the Stokes equa-
tion. Within such a linear mean-field (MF) theory, elec-
trostatic effects on the electrophoretic polymer translo-
cation was investigated by Ghosal20,21. In comparison
with DNA translocation times measured for monovalent
electrolytes9, it was shown that translocation velocities
are weakly affected by the monovalent salt density. As
revealed by additional MF studies22 and transport ex-
periments12, a more efficient way to control the DNA
translocation velocity consists in tuning the pH of the so-
lution. Nevertheless, this strategy is not universal since
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2charge regulation effects depend sensitively on the chem-
ical properties of the nanopore and the polymer type.
Within a solvent-explicit MD simulation approach, Luan
and Aksimentiev showed that electrostatic correlations
induced by strongly charged molecules can offer a more
precise control over the DNA motion19. The correlation-
induced mechanism is similar to the effect of multiva-
lent charges on the decomplexation of oppositely charged
polyelectrolytes23. However, the above-mentioned MF
theories that neglect correlation effects are naturally un-
able to explore this possibility.
Motivated by these facts, we develop the first uni-
fied theory of ionic and polymer transport beyond the
PB approximation. First of all, our theory that can ac-
count for electrostatic many-body and surface polariza-
tion effects provides us with a realistic picture of ion
transport through nanoscale pores where these effects
are known to be non-negligible. Then, the ability of the
proposed formalism in considering charge correlation ef-
fects allows to develop the idea of controlling polyelec-
trolytes via the charge reversal mechanism. The com-
putation of the ionic current through the nanopore re-
quires the knowledge of the charge partition between the
polymer and the pore. Thus, we first extend the self-
consistent (SC) electrostatic formalism previously de-
veloped for open pores24 to the case of a cylindrical
polyelectrolyte confined to the nanopore. By compar-
ison with MC simulations, the SC scheme was shown
to accurately handle electrostatic correlations including
surface polarization effects24. Then, we couple the ex-
tended SC formalism with the Stokes equation. Within
the framework of this correlation-corrected transport the-
ory, we tackle three different questions. First, we inves-
tigate the physics behind the particularly low conduc-
tivity of open α-Hemolysin pores observed in transport
experiments3,25,26. We identify the underlying mecha-
nism as the dielectric exclusion of ions, an effect inac-
cessible by previous MF theories. Then, we scrutinize
the non-monotonic salt dependence of DNA-blocked α-
Hemolysin pores3. In the second part, we study the effect
of charge correlations on the electrophoretic transport
of polyelectrolytes and investigate the possibility to con-
trol the polymer translocation by tuning the reservoir ion
densities in electrolyte mixtures with multivalent counte-
rions. We show that the addition of trivalent and quadri-
valent ions into the solution allows to alter the speed and
even the direction of translocating polyelectrolytes in a
controlled way. We finally discuss the limitations and
possible extensions of the present theory in the Conclu-
sion.
II. MODEL AND THEORY
A. Translocating polymer model
The geometry of the pore confining mobile charges and
the polyelectrolyte is depicted in Fig. 1. The cylindrical
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FIG. 1: (Color online) Schematic representation of the
nanopore : side view (top plot) and top view (bottom plot).
The cylindrical polyelectrolyte of radius a, surface charge
−σp, and dielectric permittivity εp is confined to the cylin-
drical pore of radius d, wall charge −σm, and membrane per-
mittivity εm. Electrolyte permittivity is εw = 80.
nanopore of radius d is in contact with an ion reservoir
at the extremities. The polyelectrolyte is modelled as a
rigid cylinder of radius a whose longitudinal axis coin-
cides with the axis of the nanopore. Both the nanopore
and the polymer carry a smeared negative charge dis-
tribution with amplitudes −σm and −σp, respectively.
They also have corresponding static dielectric permittiv-
ities εm and εp that may differ from the permittivity of
the electrolyte εw = 80, all expressed in units of the air
permittivity. The transport of the mobile charges and
the polymer is driven by a potential gradient ∆V at the
extremities of the channel. We assume that the potential
decays linearly along the nanopore of length L, which re-
sults in a uniform electric field Ez = ∆V/L acting on the
charges. We also emphasize that the nanopore lengths
considered in the present work lie in the range L ≥ 10 nm
which is an order of magnitude larger than the Bjerrum
length `B ' 7 A˚. Thus, in the calculation of the ion den-
sities, we will assume that the nanopore and the cylinder
are infinitely long. We note that this approximation may
not be accurate for membranes with nanoscale thickness
comparable to the Bjerrum length. The consideration of
charge transport effects through thin membranes is be-
yond the scope of this article.
3B. Correlation-corrected ion densities
In this part we extend the SC theory of ion partition
in open pores24 to the case of the cylindrical polyelec-
trolyte confined to the nanopore (see Fig. 1). Within
this formalism, the total external potential induced by
the pore and the polymer charges is composed of a mod-
ified PB contribution φ0(r) and a perturbative correc-
tion φ1(r) taking into account ionic cloud deformations,
φ(r) = φ0(r) + lφ1(r), where the loop expansion param-
eter l will be set to unity at the end of the calculation.
The components of the potential are obtained from the
relations
∇ε(r)∇φ0(r) + e
2
kBT
p∑
i=1
qini(r) = − e
2
kBT
σ(r) (1)
φ1(r) = −1
2
∑
i
q3i
∫
dr′vel(r, r′)ni(r′)δv
(s)
el (r
′), (2)
which are coupled to the kernel equation for the electro-
static propagator accounting for charge fluctuations,
∇ε(r)∇vel(r, r′)− e
2
kBT
p∑
i=1
q2i ni(r)vel(r, r
′)
= − e
2
kBT
δ(r− r′). (3)
In Eq. (1), the dielectric permittivity function is defined
as ε(r) = εmθ(r−d)+εwθ(d−r)θ(r−a)+εpθ(a−r), e is
the elementary charge of the electron, kB the Boltzmann
constant, T the ambient temperature, and qi the valency
of mobile ions with species i (i = 1...p with p the total
number of ion species). The auxiliary number density is
defined as
ni(r) = Ω(r)ρibe
−qiφ0(r)e−
q2i
2 δv
(im)
el (r), (4)
where the function Ω(r) = θ(r − a)θ(d − r) restricts the
space accessible to the electrolyte, and ρib stands for
the ionic concentration in the reservoir. Furthermore,
in Eq. (1), the fixed charge density is given by the func-
tion σ(r) = −σmδ(r − d) − σpδ(r − d). Then, the ionic
self-energies in Eqs. (1)-(4) are obtained from the renor-
malized equal-point Green’s function
δvel(r) ≡ lim
r′→r
{
vel(r, r
′)− vbc(r− r′) + `Bκb
}
, (5)
with the Bjerrum length `B = e
2/(4piεwkBT ), the
DH screening parameter κ2b = 4pi`B
∑
i q
2
i ρib, and the
Coulomb potential in an ion-free bulk solvent vbc(r) =
`B/r. In terms of the total self-energy (5), the solvation
and image-charge potentials in Eqs. (2)-(4) are defined
as
δv
(s)
el (r) = limεm,p→εw
δvel(r) (6)
δv
(im)
el (r) = δvel(r)− δv(s)el (r), (7)
where the image-charge contribution δv
(im)
el (r) includes
surface polarization effects resulting from the dielectric
discontinuities. From now on, we will exploit the cylin-
drical symmetry of the system where the electrostatic
potentials depend exclusively on the radial distance r.
In terms of the potentials introduced above, the local ion
density in the pore is given by
ρi(r) = ni(r)
[
1− lqiφ1(r)− l q
2
i
2
δv
(s)
el (r)
]
, (8)
which allows to derive the total charge density needed for
the calculation of ionic currents
ρc(r) =
∑
i
qiρi(r). (9)
We finally note that the iterative solution scheme of
Eqs. (1)-(3) introduced in Ref.24 is unmodified by the
presence of the polyelectrolyte.
C. Pore conductivity and polymer velocity
Within the correlation-corrected electrostatic formu-
lation introduced above, we now derive the polymer
translocation velocity and the ionic conductance of the
nanopore. The derivation of the polymer velocity will
allow us to account for charge correlations and non-
linearities neglected by the linear MF theory of Ref.21.
The total velocity of an ion of species i is composed of the
convective and the drift velocities, ui(r) = uc(r)+uTi(r).
The drift velocity is given by
uTi(r) = sign(qi)µi
∆V
L
, (10)
where µi stands for the ionic mobility. For comparison
with ion transport experiments, we will take the exper-
imentally established values µ+ = µK = 7.616 × 10−8
m2/V−1s−1 and µ− = µCl = 7.909× 10−8 m2V−1s−127.
The convective flow velocity uc(r) obeys in turn the
Stokes equation
η∆uc(r) + eρc(r)
∆V
L
= 0, (11)
with the viscosity coefficient of water η = 8.91 ×
10−4 Pa s. By acting with the Laplacian operator on
Eq. (2) and using the resulting equation with the rela-
tions (1)-(3), one finds that the electrostatic potential
is related to the charge density via the Poisson equa-
tion r−1∂rr∂rφ(r) + 4pi`Bρc(r) = 0. Using this relation
in Eq. (11) to eliminate the charge density, the Stokes
equation takes the form
η
r
∂
∂r
r
∂
∂r
uc(r)− kBT
er
∆V
L
∂
∂r
rε(r)
∂
∂r
φ(r) = 0. (12)
At this stage, we note that in the stationary regime cor-
responding to the constant translocation velocity, the
4longitudinal electric force per polymer length Fe =
−2piaeσp∆V/L compensates the viscous friction force
Fv = 2piaηu
′
c(a), i.e. Fe + Fv = 0. Solving Eq. (12)
by accounting for this force balance relation, the Gauss’
law φ′(a) = 4pi`Bσp, and the hydrodynamic boundary
conditions uc(d) = 0 (no-slip at the pore surface) and
uc(a) = v, one gets the polymer translocation velocity
v = −µe∆V
L
[φ(d)− φ(a)] (13)
and the convective flow velocity
uc(r) = −µe∆V
L
[φ(d)− φ(r)] , (14)
where we introduced the electrophoretic mobility
µe =
kBTεw
eη
. (15)
Similar to the mean-field electrophoretic transport21, the
translocation velocity of the polymer (13) is the superpo-
sition of the electrophoretic velocity of the molecule in the
reference frame of the flowing liquid ue = µeφ(a)∆V/L,
and the electroosmotic velocity of the charged liquid
ueo = −µeφ(d)∆V/L. The main difference between the
present formalism and the usual mean-field transport
theory is due to the correlation corrections to the elec-
trostatic potential φ(r) in Eq. (13).
The ionic current thorough the pore is given by the
total number of flowing ions per unit time,
I = 2pie
∑
i
qi
∫ d
a
drrρi(r)ui(r). (16)
Substituting the ion density (8) and the velocities (10)
and (14) into Eq. (16), and expanding the result at one-
loop order O(l), one finds that the ionic current is given
by the linear response relation I = G∆V . The total
conductivity of the pore is composed of a transport flow
contribution and a convective part,
G = GT +Gc, (17)
with the conductive and convective components
GT =
2pie
L
∑
i
|qi|µi
∫ d
a
drrρi(r) (18)
Gc = −2pie
L
µe
∑
i
qi
∫ d
a
drr {[φ0(d)− φ0(r)] ρi(r) (19)
+ [φ1(d)− φ1(r)]ni(r)} .
In the relations (18) and (19), charge fluctuations are
taken into account by the external potential correction
φ1(r) and the ionic self energies δv
(im,s)(r) in the ion
densities ni(r) and ρi(r) (see Eqs. (4) and (8)). In other
words, setting these potentials to zero, one covers from
Eqs. (18)-(19) the mean-field ion conductivity of the pore
confining the polyelectrolyte.
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FIG. 2: (Color online) Conductivity of open α-Hemolysin
pores against the reservoir concentration of the KCl solution
at temperature T = 281 K. The pore modelled as an overall
neutral cylinder (σm = 0.0 C/m
2) has radius d = 8.5 A˚ and
length L = 10 nm. Experimental data : black circles, trian-
gles, and open squares from Fig. 2 of Ref.3, and additional
data at ρib = 1.0 M from Ref.
25 (plus symbol) and Table 1 of
Ref.26 (cross symbols).
III. RESULTS AND DISCUSSION
A. Comparison with experimental pore
conductivities
Within the correlation-corrected transport theory in-
troduced above, we investigate first the mechanism be-
hind the particularly low ionic conductivity of DNA-free
α-Hemolysin pores confining the electrolyte KCl3. Be-
cause these pores exhibit a very weak cation selectivity
driven by an asymmetric surface charge distribution28,
we model the nanopore as an overall neutral cylinder, i.e.
we set σm = 0. The radius and the length of the nanopore
are taken as d = 8.5 A˚3 and L = 10 nm28. We display
in Fig. 2 experimental conductivity data from Refs.3,25,26
together with three different theoretical predictions in or-
der to investigate the effect of charge correlations.
The bulk conductivity can be derived from Eqs. (18)-
(19) by neglecting the potentials φ(r) and δvel(r), which
yields G = pieρib(µ+ + µ−)d2/L. Fig. 2 shows that the
bulk result overestimates the experimental data by al-
most an order of magnitude. Furthermore, the SC pre-
diction of Eq. (17) with the dielectrically homogeneous
pore approximation εm = εw stays very close to the bulk
conductivity curve. Thus, correlation effects solely asso-
ciated with the inhomogeneity of the electrolyte play a
perturbative role. However, the SC prediction of Eq. (17)
that takes into account the low dielectric permittivity of
the membrane εm = 1 agrees with the experimental data
in a quantitative fashion at low ion densities and qual-
itatively up to about 1 M, considerably improving on
5the bulk result. The reduced pore conductivity with the
lower membrane permittivity εm = 1  εw = 80 results
from repulsive image-charge interactions between ions
and the membrane. Because the radius of α-Hemolysin
pores is comparable to the Bjerrum length d ∼ `B , the
particularly strong amplitude of image-charge forces lead
to the dielectric exclusion of ions from the nanopore24,
resulting in a pore conductivity significantly below the
diffusive bulk conductivity. This indicates that the low
ion permeability of DNA-free α-Hemolysin pores stems
mainly from surface polarization effects.
We emphasize that in Fig. 2, the deviation of the
SC result from the data at large concentrations is likely
to result from the dielectric continuum approximation
of our solvent-implicit theory. Considering the strong
confinement of α−Hemolysin pores, the charge structure
of water solvent is expected to affect their conductivity
in a significant way. Indeed, within a recently devel-
oped solvent-explicit theory in nanoslits, we have shown
that the solvent charge structure results in an ionic Born
energy difference between the pore and the reservoir,
which in turn amplifies the ionic exclusion associated
with image-charge interactions29. This suggests that the
consideration of the solvent charge structure is expected
to lower the ion conductivity curve of Fig. 2. However,
the formidable task of integrating the solvent-explicit SC
equations in cylindrical pores is beyond the scope of the
present article.
We now continue on to the transport characteristics
of nanopores confining DNA molecules. We reported
in Fig. 3 the SC result for the salt dependence of the
conductivity of an α-Hemolysin pore blocked by a sin-
gle stranded-DNA (ss-DNA) molecule, together with the
experimental data from Ref.3. The caption displays the
dielectric permittivity and the effective smeared charge of
the ss-DNA that provided the best fit with the amplitude
of the experimental conductivity. First, one notes that
the SC prediction can accurately reproduce the slope of
the conductivity data. Then, it is seen that unlike the
conductivity of DNA-free pores linear in the ion den-
sity (see Fig. 2), the conductivity of the blocked pore
varies weakly at dilute salt concentrations ρib . 0.5 M
but increases with salt at larger concentrations. We also
reported in Fig. 3 the MF conductivity obtained from
Eqs. (18)-(19) by neglecting the correlation corrections,
i.e. by setting δv(r) = 0 and φ1(r) = 0. The MF result
exhibits a linear increase with ion density, which indi-
cates that the peculiar shape of the conductivity data is
a non-MF effect.
Within a phenomenological model, Bonthuis et al. ex-
plained the non-monotonical slope of the conductivity
data by the formation of neutral pairs between the DNA
charges and their counterions3. The present SC transport
theory can bring a more physical insight into this pecu-
liarity. For the model parameters in Fig. 3, we found that
the convective part of the conductivity Gc in Eq. (19)
is largely dominated by the transport component GT of
Eq. (18). In the supplemental material, by making use of
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FIG. 3: (Color online) Conductivity of α-Hemolysin pores
blocked by an ss-DNA molecule against the reservoir con-
centration of the KCl solution. The nanopore has the same
characteristics as in Fig. 2. The ss-DNA molecule has radius
a = 5.0 A˚3, surface charge σp = 0.012 e/nm
2, and dielectric
permittivity εp = 50. Experimental data (symbols) from Fig.
3 of Ref.3.
a constant Donnan potential approximation, the trans-
port part of the conductivity is put in the closed-form
GT ' pie
L
(d2 − a2)ρib
{
µ+
Γ2√
t2 + Γ2 − t
+µ−
[√
t2 + Γ2 − t
]}
, (20)
with the dielectric exclusion coefficient
Γ =
2
d2 − a2
∫ d
a
drr e−
q2i
2 δv
(im)
el (r) (21)
and the ratio between the pore volume density of the
fixed charges and the bulk ionic density
t =
σpa+ σmd
ρib(d2 − a2) . (22)
In the highly confined space between the low dielectric
membrane and the ss-DNA, strong image-charge interac-
tions result in a pronounced dielectric exclusion of ions,
i.e. Γ  1. Expanding Eq. (20) up to the order O(Γ2),
the pore conductivity follows as
GT ' 2pie
L
µ+(σpa+ σmd)
+
pie
2L
(µ+ + µ−)
(d2 − a2)2
σpa+ σmd
Γ2ρ2ib. (23)
The first term of Eq. (23) plotted in Fig. 3 by the dashed
horizontal curve depends solely on the ionic mobility of
counterions. Thus, the ionic exclusion limit Γ→ 0 corre-
sponds to a non-MF counterion only regime. This salt-
free limit is set by the coupling between polarization
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FIG. 4: (Color online) Conductivity change ∆G = G(a) −
G(a → 0) in solid-state pores upon the penetration of a ds-
DNA against the bulk concentration of the KCl solution at
temperature T = 300 K. Experimental data as well as the
value of the pore radius d = 5 nm, length L = 34 nm, and
surface charge σm = 0.06 C/m
2 are taken from Ref.9. In
our SC calculation, the membrane permittivity is εm = 1.
The ds-DNA molecule has radius a = 1.0 nm, surface charge
σp = 0.4 e/nm
2, and dielectric permittivity εp = 50.
forces and the electroneutrality condition of the DNA
molecule. Indeed, image-charge forces repelling ions from
the nanopore cannot lead to a total ionic depletion since a
minimum number of counterions have to stay in the pore
in order to screen the DNA charges. Thus, at low salt
densities, these counterions solely contribute to the ionic
current. Then, the second term of Eq. (23) quadratic
in salt density is seen to depend on the ionic mobilities
of both coions and counterions. Therefore, at large ion
densities, coions and counterions contribute together to
the pore conductivity, which explains the rise of the con-
ductivity with salt concentration in Fig. 3.
Having characterized correlation effects in highly con-
fined α-Hemolysin pores, we now consider the role of cor-
relations in solid-state pores of larger radius. Fig. 4 dis-
plays experimental data from Fig.4(a) of Ref.9 for the
conductivity change upon the penetration of a double
stranded DNA (ds-DNA) molecule into a solid-state pore
of radius d = 5 nm. We also show our SC prediction and
a linear MF result from Ref.9. In the SC calculation, the
effective smeared charge of the ds-DNA was determined
as σp = 0.4 e/nm
2
in order to coincide with the char-
acteristic density ρib ' 0.4 M where conductivity data
changes its sign. The ds-DNA radius is assumed to be
twice as large as the ss-DNA radius, that is a = 1 nm.
The conductivity change by the DNA molecule in Fig. 4
was explained in Ref.9 by an interpolation between the
low density regime ρib . 0.4 M where counterion attrac-
tion to DNA amplifies the ionic current (∆G > 0), and
the high density regime ρib & 0.4 M where the DNA vol-
ume blocks the net current (∆G < 0). One notes that
at low ion densities, the SC theory slightly improves over
the linear MF result, which is mainly due to the con-
sideration of non-linearities in Eq. (1) rather than charge
correlations. This indicates that in large solid-state pores
confining monovalent salt, charge correlations play a per-
turbative role.
B. Charge correlation effects on the
electrophoretic motion of polyelectrolytes
We explore next the possibility to control the motion
of polymers via charge correlation effects in synthetic
pores. The polyelectrolyte radius will be fixed to the
radius of the ds-DNA as in Fig. 4. Because the radius
of solid-state pores that can contain unfolded ds-DNA
molecules is usually larger than 2 nm30, the pore radius
will be taken as d = 3 nm, unless stated otherwise. In the
previous section, we found that image-charge forces are
perturbative in large pores of radius d  `B . Thus, to
simplify the numerical task and the physical picture, we
will neglect the dielectric jumps and set εm = εp = εw.
We will also assume that the pore is neutral σm = 0 and
the liquid is at ambient temperature T = 300 K. With
these model parameters, we characterize first the effect
of charge correlations on the electrophoretic motion of
polyelectrolytes in the simplest case of an asymmetric
electrolyte. Then, we investigate the possibility to tune
the translocation velocity of polyelectrolytes by changing
the counterion concentrations in electrolyte mixtures.
1. Correlation effects in asymmetric electrolytes
We illustrate in Fig. 5(a) the translocation velocity of
a polyelectrolyte against its surface charge in the pres-
ence of an asymmetric electrolyte with composition IClm.
The counterion species Im+ of reservoir concentration
ρmb = 0.01 M is specified in the legend. One notes that
with monovalent K+ counterions, the translocation ve-
locity is negative for all polymer charges, i.e. the poly-
mer moves oppositely to the applied field. By evaluating
the translocation velocity (13) with the electrostatic po-
tential Eq. (3) of the supplemental material, taking the
MF dilute salt limit Γ → 0 and ρib → 0, and Taylor-
expanding the result in terms of the polymer surface
charge σp, the translocation velocity becomes
v = −2pi`Baσp
[
2d2
d2 − a2 ln
(
d
a
)
− 1
]
µe
∆V
L
. (24)
Eq. (24) reported in Fig. 5 by open circles is seen to
closely follow the SC result. Thus, with monovalent
electrolytes, the polymer motion is qualitatively driven
by MF electrophoretic transport and charge correlations
weakly affect the polymer translocation. Then, with
multivalent counterions, the amplitude of the velocity is
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FIG. 5: (Color online) (a) Velocity of the polyelectrolyte
against its surface charge in an asymmetric electrolyte IClm.
The counterion species Im+ specified in the legend has reser-
voir density ρmb = 0.01 M. Open black circles mark the MF
prediction of Eq. (24). (b) Cumulative charge density of the
Spd3+ liquid rescaled with the polymer charge and (c) sol-
vent velocities. The potential gradient is ∆V = 120 mV. The
neutral pore has radius d = 3 nm, length L = 34 nm, and per-
mittivity εm = εw. The confined polyelectrolyte has radius
a = 1.0 nm and permittivity εp = εw.
seen in Fig. 5(a) to increase also according to the linear
law (24) for weak polymer charges, but the slope of the
curves vanishes at a characteristic polymer charge and
the velocity starts decreasing beyond this value. With
Mg2+ ions, the polymer velocity stays always negative in
the physical charge regime considered in Fig. 5(a). With
spermidine or spermine molecules of higher valency, the
translocation velocity vanishes (v = 0) respectively at the
polymer charges σp ' 0.3 e/nm2 and σp ' 0.1 e/nm2.
Polyelectrolytes with stronger charges translate in the
direction of the external field (v > 0), a peculiarity that
cannot be explained by the MF prediction of Eq. (24).
In order to elucidate the underlying mechanism behind
the reversal of the polymer motion, we show in Fig. 5(b)
and (c) the cumulative charge density of the Spd3+ liquid
and its electroosmotic velocity Eq. (14). The cumulative
charge density including the polyelectrolyte is defined as
the integrated charge
ρtot(r) = 2pi
∫ r
a
dr′r′ [ρc(r′) + σp(r′)] . (25)
At the surface charge σp = 0.05 e/nm
2
where the poly-
mer translocates oppositely to the applied field (v < 0
in Fig. 5(a)), the counterion screening of the polymer
results in an overall negative cumulative charge and con-
vective velocity. By increasing the polymer charge to the
characteristic value of the ds-DNA σp = 0.4 e/nm
2
, in
the close neighborhood of the polymer surface r ' 1.1
nm, the cumulative charge becomes positive, which in-
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FIG. 6: (Color online) Polymer translocation velocity against
the density of the multivalent counterion species Im+ (see the
legend) in the electrolyte mixture KCl+IClm. K
+ density is
fixed at ρ+b = 0.1 M. The confined ds-DNA has surface charge
σp = 0.4 e/nm
2. The remaining parameters are the same as
in Fig. 5. Circles mark the charge inversion (CI) point of the
DNA molecule.
verses the sign of the convective velocity of the liquid and
the DNA molecule. Thus, the inversion of the translo-
cation velocity results from the reversal of the polymer
charge, i.e. the effect is driven by electrostatic correla-
tions between multivalent counterions bound to the poly-
electrolyte. The overcompensation of the macromolecu-
lar charge by strongly correlated multivalent counterions
has been observed by previous MD simulations31,32 and
nanofluidic experiments33. The phenomenon observed in
Fig. 5(a) presents itself as a useful mechanism to min-
imize the velocity of translocating polymers. However,
the charge of a polyelectrolyte cannot be easily tuned in
translocation experiments. Thus, we will next explore
the possibility to control this effect via counterion con-
centrations in electrolyte mixtures.
2. Tunning translocation velocity in electrolyte mixtures via
counterion densities
We consider an electrolyte mixtures of composition
KCl+IClm containing an arbitrary type of multivalent
counterion Im+. In this part, the polymer charge will
be set to the characteristic value of ds-DNA σp = 0.4
e/nm
2
, unless stated otherwise. We display in Fig. 6 the
DNA translocation velocity against the reservoir density
of three different types of multivalent counterions in the
solution (see the legend). The bulk K+ density is fixed
at ρ+b = 0.1 M. For each type of multivalent counte-
rion, the increase of the reservoir density first results in
the inversion of the DNA charge at ρ2+ ' 3 × 10−2 M,
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FIG. 7: (Color online) Cumulative charge densities rescaled
with the bare DNA charge (top plots) and solvent velocities
(bottom plots) at fixed K+ and varying Spd3+ concentration
in (a) and (b), and fixed Spd3+ and varying K+ concentration
in (c) and (d). In each column, the same colour in the top
and bottom plots corresponds to a given bulk counterion con-
centration displayed in the legend. The remaining parameters
are the same as in Fig. 6.
ρ3+ ' 3×10−3 M, and ρ4+ ' 2×10−4 M. For electrolytes
with spermidine and spermine molecules, this is followed
by the blockage of the translocation (v = 0) at the critical
densities ρ3+ ' 1.2×10−2 M and ρ4+ ' 3.5×10−4 M. In-
creasing further the counterion density, the translocation
velocity that becomes positive reaches a peak and starts
decreasing. With divalent magnesium ions, the polymer
velocity stays negative for all Mg2+ concentrations, i.e.
the charge inversion is not strong enough to reverse the
motion of DNA. This conclusion agrees with MD simula-
tions of electrophoretic DNA motion in charged liquids19.
To illustrate the physical picture behind these obser-
vations, we report in Fig. 7(a) and (b) the cumulative
charge density and the electroosmotic velocity of the fluid
for various Spd3+ concentrations. It is seen that with an
increase of the Spd3+ density from ρ3+b = 2×10−3 M to
7×10−3 M, the cumulative charge density changes its sign
and becomes positive at r ' 1.3 nm. As a result of this
charge inversion, the liquid flows in the direction of the
applied field (uc(r) > 0) in the region r & 1.3 nm. How-
ever, at the corresponding Spd3+ density, the hydrody-
namic drag is not strong enough to reverse the motion of
DNA, and the DNA molecule as well as the fluid carried
by the latter at r . 1.3 nm continue to move oppositely
to the field. By increasing further the Spd3+ density to
the characteristic value ρ3+b = 1.2 × 10−2 M, the cu-
mulative charge density becomes positive enough for the
hydrodynamic drag to compensate exactly the electro-
static coupling between DNA and the applied field. As
a result, the translocation velocity of DNA vanishes. For
the higher reservoir density ρ3+b = 10
−1 M, the DNA and
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FIG. 8: (Color online) Characteristic polymer charge σ∗p ver-
sus Spd3+ concentration ρ∗3+b curves separating the charge
density regime with positive translation velocity v > 0 (above
the curves) and negative translocation velocity v < 0 (below
the curves). The corresponding pore radii are given in the
legend. K+ density is fixed at ρ+b = 0.1 M. The remaining
parameters are the same as in Fig. 6.
the surrounding fluid move in the direction of the applied
field. In Fig. 7(a), one also notes that the cumulative
charge density develops a well between the two density
peaks located at r ' 1.3 nm and r ' 2.8 nm. The corre-
sponding local decrease in the cumulative charge density
results from the enhanced concentration of Cl− coions
attracted to the charge inverted DNA molecule. This
Cl− layer attracts in turn K+ ions, leading to the sec-
ond peak close to the pore wall. Indeed, we found that
with a further increase of the Spd3+ concentration, the
intensification of the Cl− attraction starts lowering the
cumulative charge and the convective velocity. This ex-
plains the reduction of the positive translocation velocity
at large Spd3+ concentrations ρ3+b & 0.1 M in Fig. 6.
These results indicate that the modification of the mul-
tivalent counterion density is an efficient way to mini-
mize the translocation velocity of polyelectrolytes. In
order to guide future translocation experiments aiming
at exploring this effect, we illustrate in Fig. 8 the char-
acteristic polymer charge σ∗p versus Spd
3+ density ρ∗3+b
curves separating the parameter domains with positive
and negative translocation velocity. First, the phase dia-
gram indicates that weaker is the polymer charge, higher
is the Spd3+ density required to cancel the translocation
velocity, i.e. σ∗p ↓ ρ∗3+b ↑. However, one also sees that
with decreasing polymer charge density, the characteris-
tic curves end at a critical point located at σ∗p ' 0.1−0.15
e/nm
2
and ρ∗3+b ' 0.2 − 0.35 M where the inversion of
the polyelectrolyte motion ceases to exist. At lower poly-
mer charges, the translocation velocity stays always neg-
ative regardless of the Spd3+ concentration in the reser-
voir. Indeed, we found that below this critical polymer
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FIG. 9: (Color online) Characteristic Spd3+ concentration
ρ∗3+b versus K
+ concentration ρ∗+b curves separating the
charge density regime with positive translation velocity v > 0
(above the curves) and negative translocation v < 0 velocity
(below the curves). The corresponding polymer charge σp is
specified for each curve. The remaining parameters are the
same as in Fig. 6.
charge, the peak in the velocity curves of Fig. 6 emerges
before the velocity becomes positive. This observation
fixes a lower polymer charge boundary for the inversion
of the polymer motion to occur. Nevertheless, for the
physiological K+ density ρ+b = 0.1 M in Fig. 8, the ds-
DNA charge is shown to be located well above this lower
boundary. Finally, the phase diagram in Fig. 8 indicates
that in smaller pores, the main effect of confinement is a
shift of the critical Spd3+ densities to larger values, that
is d ↓ ρ∗3+b ↑ at fixed polymer charge σ∗p. However, one
also notes that the effect of the pore radius on the critical
curves is only moderate.
An additional parameter that can be tuned in translo-
cation experiments is the K+ concentration in the reser-
voir. We characterized the effect of K+ ions on the
polyelectrolyte motion in Fig. 9. The figure displays
the characteristic K+ density ρ∗+b versus Spd
3+ density
ρ∗3+b curves splitting the domains with positive and nega-
tive translocation velocity. The phase diagram indicates
that at fixed Spd3+ density and starting at any point
above the curves, the increase of K+ density switches the
translocation velocity from positive to negative. Then,
with increasing polymer charge, the critical lines are
seen to move towards higher K+ concentrations, i.e.
σp ↑ ρ∗+b ↑ at fixed Spd3+ concentration in the reservoir.
This means that stronger is the polymer charge, higher is
the amount of K+ ions needed to stop the translocation
of the molecule. To better understand the physical ef-
fect of K+ ions on the translocation velocity, in Fig. 7(c),
we show that the increase of the K+ concentration from
ρ+b = 0.01 M to 0.1 M reduces the overscreening of
the DNA charge. The effect is totally suppressed at the
higher concentration ρ+b = 0.3 M. We note that mono-
valent salt induced suppression of the macromolecular
charge reversal in asymmetric electrolyte mixtures had
been observed and quantitatively characterized in pre-
vious modified PB theories34–36. In Fig. 7(d), one sees
that this effect is accompanied with the blocking of the
translocation process and then the switching of the liquid
and DNA velocities from positive to negative. This ob-
servation suggests the alteration of the K+ concentration
as an alternative way to minimize the velocity of DNA
in translocation experiments.
IV. CONCLUSIONS
We developed a correlation-corrected theory in order to
characterize charge and polymer transport properties of
membrane nanopores in physiological conditions where
the PB theory is invalid. First, the notably reduced
conductivities of α-Hemolysin pores were found to re-
sult from the presence of polarization charges induced by
the dielectric mismatch between the electrolyte and the
membrane. Then, we showed that in the presence of an
ss-DNA in the pore, the same polarization effects com-
bined with the electroneutrality of the DNA drive the
system into a counterion-only regime, setting the lower
boundary of the ionic current flowing through the blocked
pore. Finally, we characterized charge correlation effects
on the electrophoretic translocation of polyelectrolytes.
We found that the presence of multivalent counterions
in the solution results in the reversal of the polymer
charge and the electroosmotic velocity of the liquid. With
Spd3+ and Spm4+ ions, the reversal of the fluid velocity
is strong enough to invert the electrophoretic motion of
the polyelectrolyte. By adequately tuning the monova-
lent or multivalent counterion density in the reservoir,
this mechanism can be efficiently used to minimize the
DNA velocity in translocation experiments.
The present model can be elaborated further by
considering the finiteness of the nanopore length37,
or the helicoidal geometry and the discrete charge
structure of DNA molecules38,39. We should also note
that our theory cannot account for ionic pair formation
observed in previous MC simulations and modified PB
approaches34–36. The formation of such pairs between
monovalent coions and trivalent/quadrivalent molecules
should lower the charge of the latter and consequently
weaken the inversion of the polymer mobility. Thus, the
present theory that misses ionic cluster formation may
underestimate the multivalent charge concentrations and
the polymer charge densities where the inversion of the
polymer velocity takes place. The consideration of the
cluster formation in future works will probably require
the inclusion of second order cumulant corrections to
the variational grand potential of the system. Then, our
formalism lacks as well the charge structure of solvent
molecules. This dielectric continuum approximation
may indeed be responsible for the overestimation of the
10
pore conductivity at large ion densities in Fig. 2. Thus,
future works should consider the solvent charge struc-
ture in modelling ionic conductivity through nanoscale
pores29. An additional detail that deserves consideration
is the flexibility of polyelectrolytes40. Although the
rigidly cylindrical polyelectrolyte model allowed us to
consider surface polarization effects, the considerably
low value of the effective ss-DNA charge in Fig. 3 is
likely to result from charge discreteness and/or DNA
configuration effects neglected herein. We emphasize
that despite these model simplifications, the present
theory can already capture different characteristics of
membrane nanopores. Moreover, by including charge
correlations, the formalism bridges a gap between
MF transport theories unable to consider multivalent
charges or surface polarization effects20–22 and MD
simulations with considerable complexity19. Future
translocation experiments with multivalent ions will
be certainly needed to ascertain our physical conclusions.
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Appendix A: Derivation of the pore conductivity
within Donnan approximation
In this appendix, we derive a close-form expression
for the conductivity of DNA-blocked pores confining
the monovalent symmetric electrolyte KCl. In strongly
confined α-Hemolysin pores, correlation effects resulting
from the inhomogeneous screening of the electrolyte is
dominated by pronounced image-charge forces. Thus,
our first approximation consists in neglecting the sol-
vation potentials φ1(r) and δv
(s)(r) in Eq. (18). As a
further approximation, we replace the Boltzmann factor
containing the image charge potential by its average over
the cross section of the nanopore, and cast the conduc-
tivity in the form
GT ' 2pi
L
eρibΓ
∫ d
a
drr
[
µ+e
−φ0(r) + µ−eφ0(r)
]
, (A1)
where we introduced the partition coefficient taking into
account exclusively the dielectric exclusion of ions
Γ =
2
d2 − a2
∫ d
a
drr e−
q2i
2 δv
(im)
el (r). (A2)
To progress further, we will compute the external poten-
tial in Eq. (A1) within a Donnan potential approxima-
tion. To this aim, we split the potential into a constant
Donnan potential and a non-uniform correction,
φ0(r) = φD + δφ(r). (A3)
Injecting the ansatz (A3) into the generalized PB equa-
tion (1), linearizing the latter in the potential δφ(r), and
replacing again the Boltzmann factor including the image
charge potential by its average in Eq. (A2), one obtains
1
r
∂rr∂rδφ(r)− 8pi`BρibΓ [sinh(φD) + cosh(φD)δφ(r)]
= −4pi`Bσ(r). (A4)
Neglecting first the inhomogeneous part of the potential
in Eq. (A4), i.e. setting δφ(r) = 0 and integrating the
remaining terms over the cross section of the pore, the
Donnan potential follows as
φD = ln
(
− t
Γ
+
√
t2
Γ2
+ 1
)
, (A5)
with the auxiliary parameter
t =
σpa+ σmd
ρib(d2 − a2) . (A6)
Solving now the differential equation (A4) with the elec-
trostatic boundary conditions δφ′(a) = 4pi`Bσp and
δφ′(d) = −4pi`Bσm, the inhomogeneous part of the po-
tential follows in the form
δφ(r) = C1I0(µr) + C2K0(µr)− tanh(φD), (A7)
with the integration constants
C1 =
4pi`B
µ
σpK1(µd) + σmK1(µa)
K1(µd)I1(µa)− I1(µd)K1(µa) (A8)
C2 =
4pi`B
µ
σpI1(µd) + σmI1(µa)
K1(µd)I1(µa)− I1(µd)K1(µa) , (A9)
and the auxiliary parameter µ2 = 8pi`BρibΓ cosh(φD).
Substituting into Eq. (A1) the potential (A3) with the
components given by Eqs. (A5) and (A7), linearizing the
result in the potential correction δφ(r), and carrying out
the integral over the pore, one obtains after some algebra
the result (20) of the main text.
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